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DESCRIPTION 

OPTICAL FIBER AND METHOD OF FABRICATING THE SAME 
Technical field 

[0001] The present invention relates to an optical 

fiber for transmitting light with a low transmission 
loss and a fabricating method of fabricating the same. 
Background Art 

[0002] In the transmission of light using an 

optical fiber, there becomes problematic the 
transmission loss such as Rayleigh scattering loss 
caused by Rayleigh scattering within the optical fiber 
or transmission loss caused by the structural 
imperfection within an optical fiber. To overcome 
those shortcomings, there have been proposed optical 
fibers capable of reducing the transmission loss and 
methods of fabricating the same. 

[0003] For example, in a document "Sakaguchi ; 

IEICE Journal 2000/1 Vol.J83-C No.l, pp. 30-36'', it is 
disclosed that, by annealing the drawn optical fiber, 
the Rayleigh scattering loss in the optical fiber can 
be reduced. That is, the Rayleigh scattering strength 
within a glass is not constantly fixed depending on 
materials but depends on the fictive temperature Tf, 
which is a virtual temperature indicating the 
randomness in the . state of arrangement of atoms within 
glass. Specifically, Rayleigh scattering strength 
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increases, as the fictive temperature Tf within a glass 
is higher (randomness is higher) . 

[0004] In this regard, when heating and drawing an 

optical fiber preform, a heating furnace is disposed 
5 downstream of a drawing furnace such that the drawn 

optical fiber falls within a predetermined temperature 
range when passing through the heating furnace so as to 
anneal the drawn optical fiber. As a consequence, the 
annealing of the optical fiber prevents the drawn 

10 optical fiber from cooling drastically, whereby the 

optical fiber is cooled gradually. Here due to the 
structural relaxation of glass by rearrangement of 
atoms, the fictive temperature Tf within the optical 
fiber decreases whereby Rayleigh scattering strength 

15 within the optical fiber is suppressed. 

[0005] As described above, the Rayleigh scattering 

loss in the optical fiber can be reduced by annealing 
the drawn optical fiber using a heating furnace 
disposed downstream of the drawing furnace. On the 

20 other hand, in addition to the Rayleigh scattering loss, 

it is known that, in an optical fiber with Ge 
(germanium) added to the core thereof, there occurs an 
increase in a peak of loss over a wide range at 
wavelength of 0.63|jia due to a defect resulting from Ge . 

25 [0006] The loss at a wavelength of 0.63|im as 

described above is caused by Si-0 defect or a defect 
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within the optical fiber such as nonbridged oxygen hole 
center (NBOHC) (for example, refer to a 

document "Hanafusa; Ceramics 21 (1986) No. 9, pp. 860- 
868") . Further, these defects within the optical fiber 
5 appear as Si-O-H in hydrogen atmosphere, thereby 

causing the peak of loss due to OH group at a 
wavelength of 1.38^m to increase. In Japanese Patent 
Application Laid-Open No. S60-186430, it is disclosed 
that, by annealing the drawn optical fiber at the 
10 temperature of 600°C or more, the above-mentioned loss 

at a wavelength of 0 . 63|am is to be reduced. 
Disclosure of* the Invention 

[0007] For the purpose of fabricating an optical 

fiber having a reduced Rayleigh scattering loss as well 

15 as excellent hydrogen-resisting property, there is a 

need to anneal the drawn optical fiber at a high 
temperature so as to lower the fictive temperature Tf, 
resulting in reduced Rayleigh scattering loss, and 
furthermore annealing the optical fiber at a medium 

20 temperature so as to reduce the defects in the optical 

fiber, resulting in decreased loss at a wavelength of 
0.63|ain. Here, the statement "excellent hydrogen- 
resisting property" implies that, even in a hydrogen 
atmosphere, there occurs no increase in the peak of 

25 loss at a wavelength of 1.38|am due to the OH group. 

[0008] However, when the optical fiber is annealed 
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in such wide temperature range, there is required a 
considerably long heating furnace for annealing. 
Accordingly, there arises such problem that the drawing 
apparatus including drawing furnace and heating furnace 
5 becomes large-sized. Additionally, the line speed of 

the optical fiber during the drawing has to be set to a 
low speed for annealing. Accordingly, the throughput 
of the optical fiber is reduced. 

[0009] The present invention has been made to 

10 solve the above-mentioned problems. An object of the 

present invention is to provide an optical fiber having 
a reduced Rayleigh scattering loss as well as excellent 
hydrogen-resisting property, and furthermore method 
fabricating the same excellent in a favorably high 

15 productivity of the optical fiber. 

[0010] In order to achieve the above object, a 

method of fabricating an optical fiber in accordance 
with the present invention comprises :( 1 ) a drawing step 
wherein an optical fiber preform having a core region 

20 and a cladding region formed on the periphery of the 

core region is heated and drawn with a drawing furnace 
into an optical fiber; (2) a heat treatment step wherein 
the optical fiber drawn with the drawing furnace is 
annealed by a heating furnace disposed downstream of 

25 the drawing furnace; and (3) a cooling step wherein the 

optical fiber annealed with the heating furnace is 
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introduced with a temperature of fiber at 700°C or more 
into cooling means disposed downstream of the heating 
furnace, and is cooled forcibly by the cooling means, 
and (4) wherein in the course of the heat treatment, 
step, the optical fiber is annealed on such annealing 
conditions that meet the requirements that the cooling 
speed of the optical fiber is to be 2000°C/second or 
less, and that the period of annealing time L/Vf is 
equal to or longer than the relaxation time x, the 
length of the heating furnace being designated as L (m) , 
the line speed of the optical fiber being designated as 
Vf (m/second) , the viscosity of the optical fiber at 
the entrance of the heating furnace being designated as 
T]S (Pa-second) , the tension of the optical fiber per a 
unit cross sectional area being designated as K (Pa) , 
and the relaxation time thereof being defined as x=r|S/K. 

[0011] In the above-described fabricating method 

of an optical fiber, a heating furnace is disposed 
downstream of the drawing furnace, when an optical 
fiber preform is heated and drawn. At the time when 
the drawn optical fiber passes through the heating 
furnace, the optical fiber is annealed such that the 
cooling speed and the period of annealing time of the 
optical fiber meet a predetermined condition 
respectively. Thus, by cooling gradually the optical 
fiber using the heating furnace, the fictive 
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temperature Tf in the optical fiber can be lowered and 
the Rayleigh scattering loss in the optical fiber can 
be reduced. 

[0012] Also, for the annealed optical fiber, 

5 cooling means is further disposed downstream of the 

heating furnace, and the optical fiber is forcibly 
cooled by the cooling means. By means of this 
arrangement, the length of the drawing apparatus is 
reduced; and thus, the drawing apparatus can be made 
10 more small-sized as a whole. Further, the line speed 

of the optical fiber during the drawing can be 
increased; and thus, the optical fiber can be 
fabricated efficiently. 

[0013] For the sake of the forced cooling of the 

15 optical fiber by the cooling means, the entry 

temperature of the optical fiber on being introduced 
into the cooling means is to be set to a temperature of 
700°C or more. As a consequence, it is made possible 
to reduce the Si-0 defect and defects such as NBOHC 
20 causing the loss at a wavelength of 0 . 63ptm and the loss 

at a wavelength of 1.38|iin due to the degradation of the 
hydrogen-resisting property to increase. Such being 
the case, the Rayleigh scattering loss is reduced; and 
thus, there can be fabricated the optical fiber having 
25 an excellent hydrogen-resisting property with favorably 

high productivity. 
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[0014] Here, in the heat treatment step, it is 

preferred that the optical fiber is annealed by setting 
the furnace temperature of the heating furnace to a 
predetermined temperature within a range of 800°C or 
5 more to 1600°C or less. And further, it is further 

preferred to anneal the optical fiber by setting the 
furnace temperature of the heating furnace to a 
predetermined temperature within a range of 1100°C or 
more to 1600°C or less. As a consequence, the Rayleigh 
10 scattering loss in the optical fiber can be 

sufficiently reduced . 

[0015] An optical fiber in accordance with the 

present invention comprises (1) a core region and a 
cladding region formed on the periphery of the core 

15 region, wherein the core region is doped with Ge in 

such a quantity of dopant that relative refractive- 
index difference [Ge] expressed by % with respect to 
pure Si0 2 satisfies a condition [Ge]>0.3%, (2) the 
Rayleigh scattering coefficient A (dB/km-|am 4 ) and the 

20 transmission loss cii.oo (dB/km) at a wavelength of 

1.00|mti exhibit 97% or less with respect to the 
reference value A 0 and ot 0 respectively expressed by the 
following formulas : 

A 0 =0.85+0.29 [Ge] 

25 a 0 =0.86+0.29 [Ge] , and 

(3) the difference in transmission loss Aai.38 at a 
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wavelength of 1.38(im between before and after hydrogen 
treatment is 0.15dB/km or less. 

[0016] In accordance with the above-described 

optical fiber, in the optical fiber of which core is 
doped with Ge in a predetermined quantity of dopant, 
the Rayleigh scattering coefficient A and the 
transmission loss oti.oo including the Rayleigh 
scattering loss thereof are reduced by 3% or more of 
the reference value A 0 , a 0 indicative of the value in 
the ordinary optical fiber respectively, to the value 
of 97% or less thereof. Furthermore, difference in 
transmission loss Aoti. 3 8 serving as the measure with 
respect to the hydrogen-resisting property of the 
optical fiber, between before and after the hydrogen 
treatment, is reduced to 0.15dB/km or less. As a 
consequence, the Rayleigh scattering loss is reduced, 
while there is obtained an optical fiber having 
excellent hydrogen-resisting property. The optical 
fiber as described above can be fabricated with the 
above-mentioned method capable of fabricating the same.. 
[0017] Here, it is preferred that the cladding 

region has one or more cladding layers formed either of 
pure Si0 2 / Si0 2 doped with Ge or Si0 2 doped with F 
(fluorine) . By means of the above-described 

constitution, various types of optical fibers such as a 
single mode fiber, a dispersion shift fiber, dispersion 
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compensation fiber or the like can be obtained. 
Brief Description of the Drawings 

[0018] Fig. 1 is a diagram schematically showing 

the constitution of an embodiment of the fabricating 
5 method of optical fiber and a drawing apparatus used 

for fabricating the optical fiber; 

[0019] Fig. 2 is a graph showing a profile of 

refractive index in an optical fiber in accordance with 
a first embodiment; 
10 [0020] Fig. 3 is a table showing the fabricating 

conditions in the examples A1-A4 of the optical fiber 
and transmission loss thereof; 

[0021] Fig. 4 is a table showing the fabricating 

conditions in the comparative examples B1-B5 of the 
15 optical fiber and transmission loss thereof; 

[0022] Fig. 5 is a graph showing a profile of 

refractive index in an optical fiber in accordance with 
a second embodiment ; 

[0023] Fig. 6 is a graph showing a profile of 

20 refractive index in an optical fiber in accordance with 

a third embodiment; 

[0024] Fig. 7 is a table showing the fabricating 

conditions of the optical fibers and the transmission 
loss thereof in the examples C1-C3 and the comparative 
25 examples D1-D3; 

[0025] Fig. 8 is a table showing the temperature 
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changes occurring at the time of fabrication of the 
optical fiber in the example E and the comparative 
example F of the optical fiber; 

[0026] Fig. 9 is a table showing the cooling speed 

5 and the annealing effect of the optical fiber in case 

of the line speed of the optical fiber set to 
Vf =4 00m/minute; 

[0027] Fig. 10 is a table showing the cooling 

speed and the annealing effect of the optical fiber in 
10 case of the line speed of the optical fiber set to 

Vf=8 00m/minute; 

[0028] Fig. 11 is a table showing the cooling 

speed and the annealing effect of the optical fiber in 
case of the line speed of the optical fiber set to 

15 Vf=160 0m/minute; 

[0029] Fig. 12 is a table showing the cooling 

speed and the annealing effect of the optical fiber in 
case of the line speed of the optical fiber set to 
Vf=30 0 0m/minute; and 

20 [0030] Fig. 13 is a table showing the cooling 

speed and the annealing effect of the optical fiber in 
case of the line speed of the optical fiber set to 
Vf=800m/minute . 

Best Mode for Carrying out the Invention 

25 [0031] Hereinafter, referring to the drawings, 

preferred embodiments of an optical fiber and a 
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fabricating method thereof in accordance with the 
present invention will be described. In the 

description of the drawings, the identical items will 
be designated with the identical reference numerals and 
5 symbols and repetitive description thereof will be 

omitted. The drawings are not drawn to scale in 
association with explanatory contents in the 
descriptions and not always coincident therewith. 
[0032] Fig. 1 is a diagram schematically showing 

10 the constitution of an embodiment of the drawing 

apparatus employed for fabricating the optical fiber as 
well as method of fabricating the same in accordance 
with the invention. 

[0033] A drawing apparatus 1 shown in Fig. 1 is a 

15 drawing apparatus used for drawing optical fibers based 

on silica glass, comprised of a drawing furnace 11, a 
heating furnace 21 for annealing and cooling means 31. 
These drawing furnace 11, heating furnace 21 and 
cooling means 31 are disposed in the drawing direction 
20 of an optical fiber preform 2 (vertical direction in 

Fig. 1) in that order described. Further, downstream 
of the heating furnace 21 and the cooling means 31, 
there is provided a resin coating section 40 for 
coating a drawn glass fiber 3 with a resin. 
25 [0034] To fabricate an optical fiber using the 

drawing apparatus 1, first of all, an optical fiber 
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preform 2 comprised of a core region and a cladding 
region formed on the periphery of the core region is 
prepared, and then the optical fiber preform 2 held by 
a preform supply unit (not shown) is supplied to the 
5 drawing furnace 11. Then, the lower end of the optical 

fiber preform 2 is heated by a heater 12 in the drawing 
furnace 11 to soften the optical fiber preform 2 and 
drawn at a predetermined line speed to form the glass 
fiber 3 (drawing step) . Connected to a muffle tube 13 
10 of the drawing furnace 11 is a gas supply path 15 from 

an inert gas supply section 14 so that the inside of 
the muffle tube 13 is filled with an inert gas 
atmosphere . 

[0035] After being heat drawn, the glass fiber 3 

15 is sharply cooled down with an inert gas to, for 

example, approximately 1700°C in the muffle tube 13. 
After that, the glass fiber 3 is taken out of the 
drawing furnace 11 from the lower part of the muffle 
tube 13 and air cooled between the drawing furnace 11 
20 and the heating furnace 21. In association with the 

inert gas, for example, N 2 gas may be used. The 
thermal conductivity X (T=300K) of the N 2 gas is 
26mW/(m-K). The thermal conductivity A. (T=300K) of the 
air is 2 6mW/ (in-K) . 
25 [0036] Then, after being drawn and cooled, the 

glass fiber 3 is delivered to the heating furnace 21 
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for annealing, which is provided downstream of the 
drawing furnace 11 at a predetermined position between 
the drawing furnace 11 and the resin coating section 40. 
The glass fiber 3 is annealed at a predetermined 
5 temperature by a heater 22 in the heating furnace21 

(heat treatment step). In this heating furnace 21, the 
glass fiber 3 is annealed such that predetermined 
annealing conditions such as cooling speed, period of 
annealing time and annealing temperature of the optical 

10 fiber are satisfied. 

[0037] To be more specific, in connection with the 

cooling speed of the glass fiber 3 there should be 
carried out the annealing of the optical fiber in such 
a manner as to satisfy the conditions that the glass 

15 fiber 3 is annealed with the cooling speed of 

2000°C/second or less. Further, in connection with the 
period of annealing time of the glass fiber 3 there 
should be carried out the annealing of the glass fiber 
3 in such a manner as to satisfy the conditions that 

20 meet the requirements that the period of annealing time 

L/Vf is equal to or longer than the relaxation time x 
(L/Vf>x) , the length of the heating furnace 21 being 
designated as L (m) , the line speed of the glass fiber 
3 being designated as Vf (m/second) , the viscosity of 

25 the glass fiber 3 at the entrance of the heating 

furnace 21 being designated as r|S (Pa-second) , the 
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tension of the glass fiber 3 per a unit cross sectional 
area (tension/optical fiber cross sectional area, shear 
stress) being designated as K (Pa), and the relaxation 
time thereof being defined as T=r|S/K. 
5 [0038] The cooling speed of the glass fiber 3 is 

defined as follows. Provided that the temperature of 
the glass fiber 3 at the entrance of the heating 
furnace 21 (start point of the annealing) is Ts (°C) ; 
and the temperature of the glass fiber 3 at the exit of 
10 the heating furnace 21 (end point of the annealing) is 

Te (°C) , there is defined the cooling speed= (Ts- 
Te) xVf /L. 

[0039] Further, it is preferred that, in the 

heating furnace 21, there is to be set the temperature 

15 of the heater 22 which effects furnace temperature of 

the heating furnace 21 so that the above-described 
conditions of the cooling speed and the period of 
annealing time of the glass fiber 3 are satisfied. To 
be more specific, it is preferred that the annealing of 

20 the glass fiber 3 is carried out with the temperature 

of the heater 22 to be set to a predetermined 
temperature falling within a range from 800°C or more 
to 1600°C or less. Or, more particularly, it is 
furthermore preferred that the annealing of the glass 

25 fiber 3 is carried out with the temperature of the 

heater 22 to be set to a predetermined temperature 
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falling within a range from 1100°C or more to 1600°C or 
less . 

[0040] The heating furnace 21 has a muffle tube 23 

which the glass fiber 3 passes through. A gas supply 
5 path 25 from an N 2 gas supply section 24 is connected 

to the muffle tube 23 of the heating furnace 21, 
wherein such arrangement is so provided that the inside 
of the muffle tube 23 is filled with N 2 gas atmosphere. 
In place of the N 2 gas, a gas such as air or Ar, which 
10 has a relatively large molecular weight, may as well be 

used. When the muffle tube is made of carbon, a gas 
containing no oxygen must be used. 

[0041] Then, the annealed glass fiber 3 is 

introduced into a cooling means 31 for forcibly cooling 

15 the glass fiber, which is located between the drawing 

furnace 11 and the resin coating section 40 and in a 
predetermined position downstream of the heating 
furnace 21. The glass fiber 3 is cooled to a 
predetermined temperature by the cooling means 31 

20 (cooling step) . The cooling means 31 is disposed so 

that the glass fiber 3 annealed by the heating furnace 
21 is introduced into the cooling means 31 at a 
predetermined temperature of 700°C or more; preferably, 
at a predetermined temperature within a range of 700°C 

25 -1300°C. 

[0042] The cooling means 31 has a cylindrical tube 
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32 through which the glass fiber 3 passes. Also, on 
the sidewall of the cylindrical tube 32, there are 
provided a plurality of nozzles 33 connected to a 
cooling gas supply section 34. As a consequence, a 
5 cooling gas from the cooling gas supply section 34 is 

supplied to the glass fiber 3, which is passing through 
in the cylindrical tube 32, to forcibly cool the glass 
fiber 3. As the cooling gas, He gas is preferably used. 
[0043] The glass fiber 3 is, after running out of 

10 the cooling means 31, measured in terms of the outer 

diameter thereof by an outer diameter-measuring device 
51 in an on-line manner. The measured value is fed 
back to a drive motor 53, which rotationally drives the 
drum 52. The drum 52 is controlled to rotate such that 

15 the outer diameter is maintained at a specific size. 

Output signals from the outer diameter-measuring device 
51 are sent to a control unit 54 as the control means. 
The control unit 54 calculates the rotation speed of 
the drum 52 and the drive motor 53 such that the outer 

20 diameter of the glass fiber 3 is maintained at a 

previously set predetermined value. 

[0044] From the control unit 54, output signal 

indicating the calculated rotation speed of the drum 52 
and the drive motor 53 is output to a driver for the 
25 drive motor (not shown) . The driver for the drive 

motor controls the rotation speed of the drive motor 53 



16 



FP03-0199 



based on the output signal from the control unit 54 . 
[0045] The glass fiber 3 whose outer diameter has 

been measured by the outer diameter-measuring device 51 
is introduced into the resin coating section 40, which 
is constructed in two stages (tandem) . First, in the 
first resin coating section, the glass fiber 3, which 
has passed through the outer diameter-measuring device 
51, is applied with an UV curable resin 42 by coating 
dies 41. The applied UV curable resin 42 is cured by 
ultraviolet radiation from an UV lump 44 of a resin 
curing section 43. 

[0046] Further, in the second resin coating 

section, the glass fiber 3 running out of the resin 
curing section 43 is applied with a UV curable resin 47 
by coating dies 46. The applied UV curable resin 47 is 
cured by ultraviolet radiation from an UV lamp 49 of a 
resin curing section 48. Thus, there is formed an 
optical fiber 4, which is composed of the glass fiber 3 
coated with the resin. Then, the optical fiber 4 is 
wound around the drum 52 via a guide roller 56. The 
drum 52 is supported by a rotation drive shaft 55, and 
an end portion of the rotation drive shaft 55 is 
connected to the drive motor 53. 

[0047] As described above, there is connected to 

the muffle tube 13 of the drawing furnace 11, the gas 
supply path 15 leading to the inert gas supply section 
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14. And the muffle tube 13 is constructed such that 
the inside thereof is filled with the inert gas 
atmosphere. It may be so constructed that an N 2 gas 
supply section is provided as the inert gas supply 
section 14 and N 2 gas is supplied to the muffle tube 13 
to fill the muffle tube 13 with N 2 gas atmosphere. 
Further, both of the He gas supply section and the N 2 
gas supply section are provided such that He gas or N 2 
gas is supplied to the inside of the muffle tube 13 
corresponding to the line speed. 

[0048] Effects of the fabricating method of the 

optical fiber according to the above-described 
embodiment will be described. 

[0049] In the fabricating method of the optical 

fiber shown in Fig. 1, to heat and draw the optical 
fiber preform 2, the heating furnace 21 is disposed 
downstream of the drawing furnace 11. When the drawn 
glass fiber 3 passes through the heating furnace 21, 
the glass fiber 3 is annealed so that the cooling speed 
and the period of annealing time of the glass fiber 3 
satisfy the predetermined conditions. By gradually 
cooling the optical fiber using the heating furnace 21 
as described above, the fictive temperature Tf within 
the optical fiber can be lowered and the Rayleigh 
scattering loss in the optical fiber can be reduced. 
[0050] Further, for the glass fiber 3 annealed by 
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the heating furnace 21, the cooling means 31 is further 
disposed downstream of the heating furnace 21 to 
forcibly cool the glass fiber 3 with the cooling means 
31. As a consequence, the length of the path line, 
which is necessary to cool down the glass fiber out of 
the heating furnace 21 to several decade degrees, is 
reduced. Thus, there is reduced the length of the 
drawing apparatus 1 (height of the drawing apparatus) 
including the drawing furnace 11 and the heating 
furnace 21. Accordingly, the drawing apparatus 1 
having the constitution shown in Fig. 1 can be 
miniaturized as a whole. 

[0051] For example, in a constitution in which the 

resin coating section 40 is disposed downstream of the 
drawing furnace 11 and the heating furnace 21, the 
glass fiber 3 has to be sufficiently cooled, when the 
glass fiber 3 is coated with a resin. As regarding 
this point, in the drawing apparatus 1 shown in Fig. 1, 
the glass fiber 3 can be cooled to an appropriate 
temperature by the cooling means 31. Also, it is 
possible to effectively fabricate the glass fiber 3 and 
the optical fiber 4 by increasing the line speed 

(drawing speed) of the glass fiber 3 when drawing the 
optical fiber. 

[0052] Further, in association with the forced 

cooling of the glass fiber 3 with this cooling means 31, 
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the temperature when the glass fiber 3 is introduced 
into the cooling means 31 is set to a temperature of 
700°C or more. By means of this arrangement, it is 
possible to reduce the Si-O defect or defects such as 
NBOHC within the optical fiber, which causes the loss 
to increase at a wavelength of 0.63{jjn and the loss to 
increase at a wavelength of 1.38fam due to degradation 
of hydrogen-resisting property. Accordingly, it is 
possible to efficiently fabricate the glass fiber 3 of 
which Rayleigh scattering loss is reduced and having 
excellent hydrogen-resisting property . 

[0053] Here, in the annealing of the glass fiber 3, 

it is preferred that the glass fiber 3 is annealed with 
a furnace temperature of the heating furnace 21 
controlled to a predetermined temperature within a 
range of 800°C-1 600°C . It is further preferred that the 
glass fiber 3 is annealed with a furnace temperature of 
the heating furnace 21 controlled to a predetermined 
temperature within a range of 11 00°C-1 600°C . Thereby, 
the Rayleigh scattering loss in the glass fiber 3 can 
be satisfactorily reduced. 

[0054] Furthermore, in connection with the 

temperature Ts at the start point of annealing of the 
glass fiber 3, there should be taken into account the 
fact that it would take a longer time to obtain the 
effect of the annealing, if the annealing is carried 



20 



FP03-0199-00 



out after the temperature has been lowered. It is 
therefore preferred that the temperature is set within 
a range of 1400°C-1 600°C . This temperature at the time 
when the glass fiber 3 enters into the heating furnace 
5 21 is preferably set in accordance with the particular 

constitution of the glass fiber. 

[0055] On the other hand, the temperature at the 

time when the glass fiber 3 is introduced into the 
cooling means 31 is preferably controlled to a 

10 predetermined temperature within a range of 700°C- 

1300°C. By means of this arrangement, there can be 
appropriately achieved concurrently both of reduction 
of the defects within the glass fiber 3 and effective 
forced cooling of the glass fiber 3. 

15 [0056] Further, it is preferred that, in the 

course of the drawing with the drawing furnace 11, the 
annealing with the heating furnace 21 and the forced 
cooling with the cooling means 31, the line speed of 
the glass fiber 3 is controlled to be 300m/minute or 

20 more. Thus, by controlling the line speed of the glass 

fiber 3 during the drawing to a relatively high speed, 
the throughput of the glass fiber 3 can be enhanced. 
[0057] Furthermore, in association with the 

annealing of the glass fiber 3 with the heating furnace 

25 21, it is preferred that the annealing is carried out 

for 0.03-0.8 seconds of annealing time. By carrying 
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out the annealing of the glass fiber 3 within a range 
of predetermined time, the Rayleigh scattering loss 
within the glass fiber 3 can be satisfactorily reduced. 
[0058] Next, the optical fiber in accordance with 

5 the invention will be described. The following optical 

fibers can be appropriately fabricated in accordance 
with the above-described fabricating method. 
[0059] Fig. 2 is a graph showing a profile of 

refractive index in an optical fiber in accordance with 

10 a first embodiment of the invention. In the graph, the 

abscissa axis indicates the position of each portion in 
the optical fiber viewed from the central axis thereof. 
Also, the ordinate axis indicates the relative 
refractive-index difference (%) with respect to the 

15 pure Si0 2 at each portion in the optical fiber. 

[0060] The optical fiber in accordance with this 

embodiment comprises a core region 100 and a cladding 
region 110 formed on the periphery of the core region 
100. The core region 100 is formed as a layer of 

20 radius r 0 including the central axis of the optical 

fiber. Also, the core region 100 is formed of Si0 2 
doped with Ge at in predetermined quantity of dopant. 
[0061] To be more specific, in the core region 100, 

when the quantity of dopan of the Ge is represented 

25 with a relative refractive-index difference [Ge] 

expressed in % with respect to the pure Si0 2 , the Ge is 
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added thereto in such a quantity of dopant, which 
satisfies the following condition: 
[Ge]>0. 3% . 

Here, the relative refractive-index difference An 0 of 
5 the core region 100 is: An o =[Ge]>0. 

[0062] Further, the cladding region 110 in 

accordance with the embodiment is comprised of a single 
layered cladding layer 111. The cladding layer 111 is 
formed as a layer of radius r x formed on the periphery 
10 of the core region 100. Furthermore, the cladding 

layer 111 is formed of pure Si0 2 . Here, the relative 
refractive-index difference Ani of the cladding layer 
111 is: Ani=0. 

[0063] In the constitution as described above, the 

15 optical fiber is formed so that the Rayleigh scattering 

coefficient A (dB/km-|am 4 ) with respect to the Rayleigh 
scattering loss which occurs in the optical fiber, and 
the transmission loss oti.oo (dB/km) at a wavelength of 
l.OOjjiti are 97% or less, with respect to the reference 
20 value A 0 and <x 0 , which are expressed respectively as 

follow : 

A 0 =0. 8 5+0. 29 [Ge] 
a 0 =0 .86+0 .29 [Ge] . 
Furthermore, the optical fiber is formed so that the 
25 difference in transmission loss Aai. 38 at a wavelength 

of 1.38|om between before and after hydrogen treatment 
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is 0.15dB/km or less. Here, the A 0 , for example, in 
case of [Ge]=0.35%, is as follows: 

A 0 =0. 8 5+ 0.2 9x0. 35=0. 95. 
[0064] In the optical fiber shown in Fig. 2, the 

5 core region 100 is doped with Ge in such a quantity of 

dopant that satisfies the condition [Ge]>0.3%. In the 
optical fiber of which core is doped with Ge as 
described above, Si-O defect or a defect such as NBOHC 
is liable to be caused by the Ge within the optical 
10 fiber. And these defects may cause the loss at a 

wavelength of 0 . 63|am to increase and the loss at 
wavelength of 1.38|am due to the degradation of 
hydrogen-resisting property to increase. 

[0065] To solve the above problem, in the above- 

15 described optical fiber, the core region 100 is doped 

with Ge and the values of the Rayleigh scattering 
coefficient A and the transmission loss ai.oo including 
the Rayleigh scattering loss are 97% or less 
corresponding to the reduction by 3% or more with 
20 respect to the reference values A 0 and oc 0 indicating 

the values of ordinary optical fiber. The difference 
in transmission loss Actios between before and after 
hydrogen treatment, as will be described later, depends 
on the amount of the defects occurring within the 
25 optical fiber and serves as a measure in connection 

with the hydrogen-resisting property of the optical 
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fiber. This difference in transmission loss Aai. 38 is 
reduced to 0.15dB/km or less* As a consequence, the 
optical fiber in which the Rayleigh scattering loss is 
reduced and having excellent hydrogen-resisting 
5 property can be obtained. 

[0066] Here, in the constitution shown in Fig. 2, 

the cladding region 110 formed on the periphery of the 
core region 100 comprises a single layered cladding 
layer 111 formed of pure Si0 2 . However, generally, it 
10 is preferred that there is provided a constitution 

having one or more cladding layers formed of either one 
of the pure Si0 2 , Si0 2 doped with Ge or Si0 2 doped with 
F, respectively. 

[0067] By means of the constitution as described 

15 above, there can be fabricated with favorably high 

productivity various kinds of optical fibers such as a 
single mode fiber ( SMF) , a dispersion shift fiber (DSF) 
and a dispersion compensation fiber (DCF) having a 
satisfactorily characteristics . 
20 [0068] The characteristic conditions of the above- 

mentioned optical fiber will be further described. In 
the optical fiber in accordance with the embodiment, as 
the measure for evaluating the reduction effect of the 
Rayleigh scattering loss or the like, there are used 
25 the Rayleigh scattering coefficient A and transmission 

loss oti.oo at a wavelength of I.OOjjju, wherein these 



25 



FP03-0199-00 



Rayleigh scattering coefficients A and the transmission 
loss oti.oo are the values of 97% or less with respect to 
the reference values A 0 and ot 0 indicating ordinary 
values, corresponding to the reduction by 3% or more 

5 with respect to the reference values A 0 and a 0 . 

[0069] In connection with the Rayleigh scattering 

loss and other components of transmission loss such as 
structural asymmetry loss, the transmission loss a*. 
(dB/km) at a wavelength of X in an optical fiber is 
10 generally expressed as: 

a x =A/A, 4 +B+C (A,) . 

Herein, the first term A/X 4 (dB/km) indicates the 
Rayleigh scattering loss; and the coefficient A thereof 
is the Rayleigh scattering coefficient (dB/km-|om 4 ) . As 

15 is clear from the above formula, the Rayleigh 

scattering loss is proportional to the Rayleigh 
scattering coefficient A. Accordingly, when the 

Rayleigh scattering coefficient A is reduced by 3% from 
the reference value, the Rayleigh scattering loss is 

20 reduced by 3%. 

[0070] Here, in an optical fiber, which is 

obtained by an ordinary fabricating method, wherein the 
optical fiber is not subjected to the annealing or the 
like by the heating furnace, the value of the Rayleigh 

25 scattering coefficient A (dB/km-^im 4 ) results in: 

A 0 =0.85+0.29[Ge] , 
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provided that the quantity of dopant of Ge to the core 
region is expressed by the above-described [Ge] . 
Accordingly, the ordinary value A 0 can be used as the 
reference value of the Rayleigh scattering coefficient 
A. Here, preferably the obtained Rayleigh scattering 
coefficient A is reduced by 3% or more with respect to 
the reference value A 0 . 

[0071] Further, in order to evaluate the entire 

transmission loss including the Rayleigh scattering 
loss, the transmission loss oti.oo at a wavelength of 
1.00pm may be used as the measure. When the wavelength 
is l.OOjam, in the above formula of the transmission 
loss ol\, B+C(X) is approximately 0.01. Consequently, 
in an optical fiber, which is obtained by the ordinary 
fabricating method, the value of the transmission loss 
cti.oo (dB/km) is as follows. 

a 0 =A 0 +0 . 01 

=0.86+0.29 [Ge] . 
Accordingly, the ordinary value a 0 may be used as the 
reference value of the transmission loss cti.oo. Here, 
it is preferred that the obtained transmission loss 
(Xi.oo in the optical fiber is reduced by 3% or more with 
respect to the reference value a 0 . 

[0072] As described above, by using the Rayleigh 

scattering coefficient A or the transmission loss (Xi.oo 
as the measure, there can be reliably obtained the 
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reduction effect of the Rayleigh scattering loss or the 
entire transmission loss including the Rayleigh 
scattering loss. Also, according to the respective 
formulas of the above-described reference values A 0 and 
a 0f variable [Ge] concerning the quantity of dopant of 
Ge added to the core is included in the formulas. 
Accordingly, it is possible to evaluate the 
transmission loss corresponding to the quantity of 
dopant of Ge . 

[0073] The Rayleigh scattering coefficient A can 

be obtained from the data concerning the wavelength 
dependency of the transmission loss (for example, 
inclination in 1/X 4 plot) based on the above formula. 
Further, as the measure for evaluating the entire 
transmission loss, there is used a transmission loss 
oti.oo at a wavelength of l.OOpjn. The reason for this is 
that the value of the transmission loss at 1.00|am is 
larger as compared with the waveband of 1.5 Sum or the 
like which is used for optical transmission; thus, a 
relatively short sample of approximately l-10km of the 
optical fiber is enough to make the evaluation possible 
with a sufficient accuracy. 

[0074] Further, there is a specific relationship 

between the transmission loss oti.oo at a wavelength of 
l.OOjjm and the transmission loss (X1.55 at a wavelength 
of 1.55|jm of the optical fiber. Accordingly, by 
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evaluating the reduction effect at transmission loss 
oci.oo, the reduction of the transmission loss cti.55 also 
can be likewise evaluated. As the particular 

corresponding relationship, the transmission loss oti.oo 
5 at a wavelength of 1.00|am is, as described above, 

expressed as follow: 

Oti.oo =A+0.01. 

The formula of the transmission loss ai.55 at a 
wavelength of 1.55|im equivalent to the above formula 
10 is : 

oti.55 =AxO . 17325+0 . 025. 
[0075] Next, the characteristic conditions with 

respect to the difference in transmission loss Aoti.38 in 
the above-described optical fiber will be described. 

15 In the optical fiber in accordance with the embodiment, 

as the measure with respect to the hydrogen-resisting 
property of the optical fiber, there is used the 
difference in transmission loss Aai. 38 at a wavelength 
of 1.38|am between before and after hydrogen treatment, 

20 and the value of the difference in transmission loss 

Aoti.38 is determined as 0.15dB/km or less. 

[0076] In the optical fiber of a constitution 

wherein the core region is doped with Ge, there occurs 
an increase in peak of loss over a wide range at a 
25 wavelength of 0.63|j,m due to Si-0 defect caused by Ge, 

defect of NBOHC or the like, as described above. These 
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defects change to Si-O-H in a hydrogen atmosphere 
causing the loss at a wavelength of 1.38|xm to increase. 
[0077] Accordingly, by obtaining difference in 

transmission loss Aoti.38 between before hydrogen 
treatment and after hydrogen treatment with respect to 
the transmission loss ai. 3 e at a wavelength of 1.38|j.m, 
the defects generated in the drawn optical fiber can be 
evaluated. And by controlling the difference in 
transmission loss Aai. 3 e to 0.15dB/km or less, there can 
be obtained an optical fiber having an excellent 
hydrogen-resisting property . 

[0078] Here, to be more specific, in association 

with difference in transmission loss Aai. 38 between 
before hydrogen treatment and after hydrogen treatment, 
the hydrogen treatment is carried out for 20 hours at a 
temperature of 8 0°C in hydrogen atmosphere composed of 
nitrogen 99%: hydrogen 1%. Then from an increment of 
the loss being the difference between the transmission 
loss oci.38 at a wavelength of 1.38|jm obtained with 
respect to the optical fiber before hydrogen treatment 
and the transmission loss cti.38 obtained with respect to 
the optical fiber after hydrogen treatment, there is 
acquired the difference in transmission loss Aoti.38, 
which is used as the measure for the hydrogen-resisting 
property. When the defects in the optical fiber before 
hydrogen treatment are reduced, the difference in 
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transmission loss Aai. 3 e is reduced. 

[0079] Referring to particular examples and 

comparative examples, a description will be made of 
optical fibers in accordance with the invention and the 
5 reduction effect of the transmission loss and the 

improvement effect of the hydrogen-resisting property 
by means of the fabricating method thereof. Each of 
the optical fibers in the following examples is 
fabricated using the drawing apparatus 1 constituted as 

10 shown in Fig. 1. 

[0080] Fig. 3 is a table showing the fabricating 

conditions in the examples A1-A4 of the optical fiber 
and transmission loss thereof in accordance with the 
invention. Here, as the fabricated optical fiber, 

15 there is assumed a single mode fiber doped with Ge (Ge- 

SM) , which has the constitution shown in Fig. 2. To be. 
more specific, the outer diameter of the core region 
100 formed of Si0 2 doped with Ge is set as 2r 0 : =8|am, and 
the relative refractive-index difference thereof is set 

20 as Ano= [Ge] =0 . 35%, the outer diameter of the cladding 

layer 111 formed of pure Si0 2 is set as 2ri=125jiim, and 
the relative refractive-index difference thereof is set 
as Ani=0%. 

[0081] Also, in association with the fabricating 

25 conditions of the optical fibers, there is used the 

cooling means 31 for forcibly cooling the optical fiber 
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3 having a diameter of 6mm and a length of 4m, and as 
the cooling gas, He gas is supplied at a flow rate of 
201/minute (20slm) . And the line speed for drawing the 
optical fiber 3 is 4 00m/minute. And, there are listed 
in the table of Fig. 3 the annealing temperature (°C) 
of the optical fiber 3 in the heating furnace 21 and 
entry temperature (°C) of the optical fiber 3 on being 
introduced into the cooling means 31 of each example. 
And further, the annealing condition of the optical 
fiber is set in such a manner that meets a condition 
that the above-described cooling speed is 2000°C/ second 
or less as well as a condition that the period of 
annealing time L/Vf is equal to the relaxation time x 
or more. 

[0082] Further, in the table in the Fig. 3, there 

are indicated as the transmission loss of the optical 
fiber in each example, a transmission loss (X1.55 (dB/km) 
at a wavelength of 1 . 55|j,m, and transmission loss 
oto. 63 (dB/km) at a wavelength of 0.63|am. Every value of 
the loss is the value before the optical fiber is 
subjected to the hydrogen treatment. 

[0083] In these values of losses, the transmission 

loss OC1.55 at a wavelength of 1 . 55|im mainly indicates 
the reduction effect of the Rayleigh scattering loss by 
virtue of the annealing of the drawn optical fiber 3 by 
the heating furnace 21. And the transmission loss a 0 .63 



32 



FP03-0199-00 



at a wavelength of 0.63|Jiti indicates the reduction 
effect of the defects in the optical fiber based on the 
forced cooling or the like of the annealed optical 
fiber 3 by the cooling means 31. 
5 [0084] The defects in the optical fiber causing an 

increase in the transmission loss a 0 .63/ as described 
above, cause the loss at a wavelength of 1.38jam to 
increase after the optical fiber is subjected to the 
hydrogen treatment . 

10 [0085] As seen from the examples A1-A4 shown in 

the table in Fig. 3, in the example Al, the annealing 
temperature in the heating furnace is set to 1100°C, 
and the entry temperature on being introduced into the 
cooling means is set to 700°C; and the obtained 

15 transmission loss is oti.55=0 . 185dB/km, and <Xo. es^^dB/ km 

respectively. Also, in the example A2, the annealing 

temperature in the heating furnace is set to 1400°C, 
and the entry temperature on being introduced into the 
cooling means is set to 1000°C; and the obtained 
20 transmission loss is ai. 5 5=0 . 180dB/km, and a 0 .63=6dB/km 

respectively. 

[0086] Also, in the example A3, the annealing 

temperature in the heating furnace is set to 1550°C, 
and the entry temperature on being introduced into the 
25 cooling means is set to 1200°C; and the obtained 

transmission loss is ai. 5 5=0 . 182dB/km, and ot 0 . 63=7dB/ km 
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respectively. Also, in the example A4, the annealing 
temperature in the heating furnace is set to 1550°C, 
and the entry temperature on being introduced into the 
cooling means is set to 1300°C; and the obtained 
transmission loss is ai. 5 5=0 . 182dB/km, and a 0 . es^dB/km 
respectively. 

[0087] In these examples, the annealing 

temperature in the heating furnace is set to a 

temperature within a range of 1100-1600°C. As a 
consequence, the Rayleigh scattering loss in the 
optical fiber has been reduced, and there has been 
reduced the transmission loss oti.55 at a wavelength of 
1.55pim including Rayleigh scattering loss. Also, in 
every example, the entry temperature on being 
introduced into the cooling means is set to a 
temperature within a range of 700°C or more. As a 
consequence, the defects in the optical fiber are 
reduced resulting in a reduction of the transmission 

loss oto.63 at a wavelength of 0 . 63pim due to the defects. 
[0088] On the other hand, Fig. 4 is a table 

showing the fabricating conditions in case of the 
comparative examples B1-B5 of the optical fiber as well 
as the transmission loss thereof. Here, as the 
fabricated optical fiber, there is assumed a single 
mode fiber doped with Ge (Ge-SM) as is also the case 
with the examples A1-A4, which has the construction 
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shown in Fig . 2 . 

[0089] In case of the comparative example Bl from 

among the comparative examples B1-B5 shown in the table 
of Fig. 4, there is carried out no annealing by the 
heating furnace; and the entry temperature on being 
introduced into the cooling means is set to 1000°C, and 
the obtained transmission loss is oti.55 =0.190dB/km and 
oto.63=12dB/km respectively. Here, since the optical 
fiber is not subjected to the annealing, transmission 
loss (X1.55 including the Rayleigh scattering loss is 
increased. Further, there is also increased 

transmission loss ct 0 .63 due to the defects in the 
optical fiber. 

[0090] Also, in the comparative example B2, no 

annealing by the heating furnace is carried out; and 
the entry temperature on being introduced into the 
cooling means is set to 500°C, and the obtained 
transmission loss is oti.55 =0.190dB/km and ao.es^^dB/km 
respectively. Here, since the optical fiber is not 
subjected to the annealing, transmission loss oti.55 
including the Rayleigh scattering loss is increased. 
However, since the entry temperature on being 
introduced into the cooling means is low, the 
transmission loss a 0 .63 is reduced. 

[0091] Further, in the comparative example B3, the 

annealing temperature by the heating furnace is set to 
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900°C; and the entry temperature on being introduced 
into the cooling means is set to 500°C, and the 
obtained transmission loss is cti.55 =0.189dB/km and 
a 0 .63=6dB/km respectively. Here, since the annealing 
5 temperature of the optical fiber is low, there is 

increased the transmission loss oti.55 including the 
Rayleigh scattering loss. However, since the entry 
temperature on being introduced into the cooling means 
is low, the transmission loss a 0 .63 is reduced. 

10 [0092] Furthermore, in the comparative example B4, 

the annealing temperature by the heating furnace is set 
to 1100°C; and the entry temperature on being 
introduced into the cooling means is set to 500°C, and 
the obtained transmission loss is OC1.55 =0.185dB/km and 

15 a 0 .63 = 6dB/km respectively. Here, since the annealing 

temperature of the optical fiber is relatively high, 
the transmission loss CX1.55 including the Rayleigh 
scattering loss is somewhat reduced. Also, the entry 
temperature on being introduced into the cooling means 

20 is low and the transmission loss a 0 .63 also is reduced, 

where upon thus there is obtained, an optical fiber 
exhibiting excellent properties in association with the 
transmission loss. However, when the entry temperature 
on being introduced into the cooling means is set to a 

25 low temperature as 500°C, the optical fiber has to be 

sufficiently air cooled between the heating furnace and 
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no cooling means. Accordingly, the drawing apparatus 
cannot be miniaturized as a whole. 

[0093] Still further, in the comparative example 

B5, the annealing temperature by the heating furnace is 
set to 1650°C; and the entry temperature on being 
introduced into the cooling means is set to 1300°C, and 
the obtained transmission loss is 0,1.55 ^O.lSSdB/km and 
oc 0 .63 = 10dB/km respectively. Here, since the annealing 
temperature of the optical fiber is too high, there is 
increased the transmission loss oti.55 including the 
Rayleigh scattering loss. Also, there is increased the 
transmission loss a 0 .63 due to the defects in the 
optical fiber. 

[0094] As seen from the above-described examples 

A1-A4 and comparative examples B1-B5, by setting the 
annealing temperature of the optical fiber by the 
heating furnace to a temperature of 1100-1600°C, and by 
setting the entry temperature of the optical fiber on 
being introduced into the cooling means to a 
temperature of 700°C or more, preferably, to a 
temperature of 700-1300°C, the Rayleigh scattering loss 
can be reduced resulting in an optical fiber having 
excellent hydrogen-resisting property. Further, it is 
possible to miniaturize the drawing apparatus, and the 
optical fiber can be fabricated efficiently. 

[0095] The optical fiber in accordance with the 
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present invention will be further described. 
[0096] Fig. 5 is a graph showing a profile of 

refractive index in an optical fiber in accordance with 
a second embodiment of the invention. In the graph, 
5 the abscissa axis indicates the position of each 

portion in the optical fiber on being viewed from the 
central axis thereof. Also, the ordinate axis 

indicates the relative refractive-index difference (%) 
with respect to the pure Si0 2 at each portion in the 

10 optical fiber. 

[0097] The optical fiber in accordance with this 

embodiment comprises a core region 200 and a cladding 
region 210 formed on the periphery of the core region 
200. The core region 200 is formed as a layer with a 

15 radius r 0 including the central axis of the optical 

fiber. Further, the core region 200 is formed of Si0 2 
doped with Ge in such a quantity of dopant that 
satisfies the above-described condition: 
[Ge]>0.3% . 

20 As a consequence, the relative refractive-index 

difference An 0 of the core region 200 is: An 0 =[Ge]>0. 
[0098] Further, according to this embodiment, the 

cladding region 210 is comprised of double-layered 
cladding layers 211 and 212. The inner first cladding 

25 layer 211 is formed as a layer with a radius ri formed 

on the periphery of the core region 200. Furthermore, 
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the cladding layer 211 is formed of Si0 2 doped with Ge 
in a predetermined quantity of dopant. As a 

consequence, the relative refractive-index difference 
Ani of the cladding layer 211 is: Ani>0 . 

[0099] Furthermore, the outer second cladding 

layer 212 is formed as a layer of radius r 2 formed on 
the periphery of the first cladding layer 211. Further, 
the cladding layer 212 is formed of pure Si0 2 . As a 
consequence, the relative refractive-index difference 
An 2 of the cladding layer 212 is: An 2 =0 . 

[0100] The Rayleigh scattering coefficient A, the 

transmission loss (Xi.oo at a wavelength of 1 . OOjxm and 
the difference in transmission loss Aai. 3 s at a 
wavelength of 1.38(Jin between before and after hydrogen 
treatment are the same as the above-described 
characteristic conditions of the optical fiber in 
accordance with the first embodiment shown in Fig. 2. 
The optical fiber having the constitution as described 
above is suitably applicable to, for example, a 
dispersion shift fiber (DSF) . 

[0101] Fig. 6 is a graph showing a profile of 

refractive index in an optical fiber in accordance with 
a third embodiment of the invention. In the graph, the 
abscissa axis indicates the position of each portion in 
the optical fiber viewed from the central axis thereof. 
Also, the ordinate axis indicates the relative 
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refractive-index difference (%) with respect to the 
pure Si02 at each portion in the optical fiber. 
[0102] The optical fiber in accordance with this 

embodiment comprises a core region 300 and a cladding 
region 310 formed on the periphery of the core region 
300. The core region 300 is formed as a layer with a 
radius r 0 including the central axis of the optical 
fiber. Further, the core region 300 is formed of Si0 2 
doped with Ge in a quantity of dopant that satisfies 
the above-described condition: 
[Ge]>0.3%. 

Here, the relative refractive-index difference An 0 of 
the core region 300 is: An 0 =[Ge]>0. 

[0103] Further, according to this embodiment, the 

cladding region 310 is comprised of double-layered 
cladding layers 311 and 312. The inner first cladding 
layer 311 is formed as a layer having a radius of r x 
formed on the periphery of the core region 300. 
Furthermore, the cladding layer 311 is formed of Si0 2 
doped with F at a predetermined quantity of dopant. As 
a consequence, the relative refractive-index difference 
Ani of the cladding layer 311 is: Ani<0 . 

[0104] Furthermore, the outer second cladding 

layer 312 is formed as a layer with a radius of r 2 
formed on the periphery of the first cladding layer 311. 
Further, the cladding layer 312 is formed of pure Si0 2 . 
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As a consequence, the relative refractive-index 
difference An 2 of the cladding layer 312 is: An 2 =0. 
[0105] In connection with the Rayleigh scattering 

coefficient A, the transmission loss oti.oo at a 
5 wavelength of 1 . OOjam and the difference in transmission 

loss Aoti.38 at a wavelength of 1.38|xm between before and 
after hydrogen treatment, the same is the case with the 
above-described characteristic conditions of the 
optical fiber in accordance with the first embodiment 

10 shown in Fig. 2. The optical fiber having the 

constitution as described above is suitably applicable 
to, for example, a dispersion compensation fiber (DCF) . 
[0106] The reduction effect of the transmission 

loss and the improvement effect of the hydrogen- 

15 resisting property in the optical fiber in accordance 

to the respective embodiments shown in Fig. 2, Fig. 5 
and Fig. 6 will be described along with particular 
examples and comparative examples . 

[0107] Fig. 7 is a table showing the fabricating 

20 conditions of the optical fibers and the transmission 

loss thereof in the examples C1-C3 and the comparative 
examples D1-D3. 

[0108] Here, in the example CI and the comparative 

example Dl, as the fabricated optical fiber, there is 
25 assumed a single mode fiber doped with Ge (Ge-SM) , 

which has the constitution shown in Fig. 2. To be more 
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specific, the outer diameter of the core region 100 
formed of Si0 2 doped with Ge is set as 2r 0 =8|jiri; the 
relative refractive-index difference thereof is set as 
Ano= [Ge] =0 . 35% ; the outer diameter of the cladding 
5 layer 111 formed of pure Si0 2 is set as 2ri=125|ain; and 

the relative refractive-index difference thereof is set 
as Ani=0% . 

[0109] Further, in the example C2 and the 

comparative example D2, as the optical fiber, there is 

10 assumed a dispersion shift fiber (DSF) , which has the 

constitution shown in Fig. 5. To be more specific, the 
outer diameter of the core region 200 formed of SiC>2 
doped with Ge is set as 2r 0 =6|iin;i the relative 
refractive-index difference thereof is set as 

15 An 0 = [Ge] =0 . 6%; the outer diameter of the first cladding 

layer 211 formed of Si0 2 doped with Ge is set as 
2r!=40|jjti; the relative refractive-index difference 
thereof is set as An^O.1%; the outer diameter of the 
second cladding layer 212 formed of pure Si0 2 is set as 

20 2r 2 =125|im; and the relative refractive-index difference 

is set as An 2 =0%. 

[0110] Furthermore, in the example C3 and the 

comparative example D3, as the optical fiber, there is 
assumed a dispersion compensation fiber (DCF) , which 
25 has the constitution shown in Fig. 6. To be more 

specific, the outer diameter of the core region 300 
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formed of Si0 2 doped with Ge is set as 2r 0 =4|LLm; the 
relative refractive-index difference is set as 
An 0 = [Ge ] =1 . 5% ; the outer diameter of the first cladding 
layer 311 formed of Si0 2 doped with F is set as 2ri=8|im; 
5 the relative refractive-index difference thereof is set 

as Ani=-0.4%; the outer diameter of the second cladding 
layer 312 formed of pure SiC>2 is set as 2r 2 =125|am; and 
the relative refractive-index difference is set as 
An 2 =0% . 

10 [0111] Further, in association with the 

fabricating conditions, in the examples C1-C3, there 
are used the fabricating conditions of the example A2 
in which, the annealing temperature of the optical 
fiber in the heating furnace is 1400°C; and the entry 

15 temperature of the optical fiber into the cooling means 

is 1000°C (refer to Fig. 3) . In the comparative 
examples D1-D3, there are used the fabricating 
conditions of the comparative example Bl, in which the 
optical fibers are not subjected to the annealing in 

20 the heating furnace, and the entry temperature of the 

optical fiber on being introduced into the cooling 
means is 1000°C (refer to Fig. 4) . Further, the line 
speed and the like of the optical fiber are the same as 
those in the cases shown in Fig. 3 and Fig. 4. There 

25 are made the annealing conditions of the optical fibers 

in examples C1-C3 such that there are satisfied the 
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above-mentioned condition that the cooling speed is 
2000°C/second or less and the condition that the period 
of annealing time L/Vf is equal to the relaxation time 
x or more. 

[0112] Further, in the table in the Fig. 7, as the 

characteristics of the loss of the optical fiber in 
each example and comparative example, there are 
indicated transmission loss oti.55 (dB/km) at a 
wavelength of 1.55|om, and difference in transmission 
loss Aoti.38 (dB/km) between before and after hydrogen 
treatment at a wavelength of 1.38|oin. Here, the 
difference in transmission loss Aoci. 3 8 at a wavelength 
of 1.38|j.m indicates, as is the case with the 
transmission loss a 0 .63 at a wavelength of 0.63|om shown 
in Fig. 3, the reduction effect of the defects in the 
optical fiber by the forced cooling or the like with a 
cooling means of the annealed optical fiber. 

[0113] In the examples C1-C3 shown in the table of 

Fig. 7, the transmission loss is cti. 55=0. 180, 0.188 and 
0.228, respectively. In these values, although the 
transmission loss increases corresponding to the 
quantity of dopant of Ge added to the core, there is 
reduced the Rayleigh scattering loss in the optical 
fiber by virtue of the annealing in the heating furnace, 
and there is reduced the transmission loss (X1.55 
including the Rayleigh scattering loss at a wavelength 
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of 1.55|im. 

[0114] Further, the difference in transmission 

loss is Aai.38=0 . 05, 0.07 and 0.11 respectively. In 
these values, the defects in the optical fiber are 
5 reduced based on the settings or the like of the entry 

temperature on being introduced into the cooling means, 
and thus, there is reduced the difference in 
transmission loss Acti.38 at a wavelength of 1.38jam 
between before and after hydrogen treatment due to the 

10 defects to 0.15dB/km or less. 

[0115] On the other hand, in the comparative 

examples D1-D3, the transmission loss is cti.55 =0.190, 
0.200 and 0 . 245, respectively; and the difference in 
transmission loss is Aai. 38 =0.2, 0.3 and 0.6, 

15 respectively. Each of these values is larger than the 

value in the corresponding examples C1-C3. Accordingly, 
there are degraded the transmission loss and the 
hydrogen-resisting property of the optical fibers. 
[0116] From the above-described examples C1-C3 and 

20 the comparative examples D1-D3, by setting the 

annealing temperature of the optical fiber in the 
heating furnace to a temperature of 1100-1600°C and the 
entry temperature of the optical fiber on being 
introduced into the cooling means to a temperature of 

25 700°C or more, in either of the optical fibers, which 

has the constitution shown in Fig. 2, Fig. 5 and Fig. 6 
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respectively, the Rayleigh scattering loss is reduced, 
and thus, it is demonstrated that the optical fibers 
having excellent hydrogen-resisting property can be 
obtained. 

5 [0117] Fig. 8 is a table showing the amount of 

temperature changes during fabrication of the optical 
fiber in the example E and the comparative example F of 
the optical fiber. In the table, there are indicated 
the temperature changes (°C) of the optical fibers with 
10 respect to the distance from the exit of the heating 

furnace . 

[0118] To be more specific, in the example E and 

comparative example F, the temperature of the optical 
fiber at the entrance of the heating furnace is set to 

15 1600°C; the line speed of the optical fiber is set to 

1200m/minute; the length of the heating furnace is set 
to 2m; the annealing temperature is set to 1200°C; and 
the period of annealing time is set to 0.1 seconds. 
Further, in the example E, at a distance from the exit 

20 of the heating furnace in a range of 2m-3m, the optical 

fiber is subjected to a forced cooling with the He 
cooling means. Furthermore, in the example E and the 
comparative example F, there is assumed single mode 
fiber doped with Ge having the constitution shown in 

25 Fig. 2. The diameter of the glass fiber is 125p.m. 

Also, under these conditions, the relaxation time x is 



46 



FP03-0199 



approximately 0.05 seconds; thus, the period of 
annealing time is longer than that. 

[0119] Further, the temperature change of the 

optical fiber is calculated using the following Paek' s 
formula : 

9=exp{-[ (4h)/ (pCpV) ]S}, 
or the following modified formula thereof: 

9=exp{-[ (4h) / (pC p d) ]t>. 
Here, "h" indicates heat transfer coefficient, "p" 
indicates density, "C p " indicates specific heat, "V" 
indicates line speed of the optical fiber, "d" 
indicates diameter of the optical fiber, and "t" 
indicates elapsed time. 

[0120] Further, "0" and "S" are expressed by the 

following formulas : 

9=(T-T 0 ) / (T s -To) 
S=Z/d. 

Here, "T" indicates temperature, W T S " indicates 
softening temperature, "T 0 " indicates atmospheric 
temperature, and XX Z" indicates position (refer to a 
document: "U.C.Paek et.al, Journal of The American 
Ceramic Society Vol . 58 , No. 7-8, pp . 330-335" ) . 
[0121] In the table in Fig. 8, in both of the 

example E and the comparative example F, the 
temperature of the optical fiber at the exit of the 
heating furnace is 1499°C; at a point lm away from the 
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exit, the temperature thereof is 1299°C; and at a point 
2m away from the exit, the temperature thereof is 
1125°C. And downstream of them, a forced cooling with 
the He cooling means is performed. In the example E, 
at a point 3m away from the exit, the temperature of 
the optical fiber is 553°C, which is lower than 600°C. 
On the other hand, in the comparative example F, in 
which the forced cooling is not made, at a point of 7m 
away from the exit, the temperature of the optical 
fiber is 554°C, which is lower than 600°C. 

[0122] That is, in this example, by disposing the 

cooling means downstream of the heating furnace, the 
length of the drawing apparatus for lowering the 
temperature of the optical fiber to 600°C or less can 
be reduced by 4m. Accordingly, the drawing apparatus 
can be largely miniaturized. As a consequence, the 
construction cost for the drawing apparatus can be 
reduced. Also, by increasing the line speed of the 
optical fiber during drawing, the productivity of the 
optical fiber can be increased. 

[0123] The above-mentioned effect is remarkable in 

the case where the line speed of the optical fiber 
during drawing is high. For example, in the example 
shown in Fig. 8, when the line speed is 1200m/minute, a 
space of 4m can be reduced. Thus, when the line speed 
of the optical fiber is 300m/minute or more, the space 
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for the drawing apparatus can be reduced by lm or more. 
[0124] Further, in case of the heating furnace of 

. lm in length, the period of annealing time of the 
optical fiber with the heating furnace is 0.2-0.03 
5 seconds, when the line speed of the optical fiber is 

300-1800m/minute . Also, in case of the heating furnace 
of 4m in length, the period of annealing time is 0.8- 
0.13 seconds. Accordingly, under the above-described 
conditions, it is preferred that the period of 
10 annealing time with the heating furnace is set to 0.03- 

0 . 8 seconds . 

[0125] The reduction effect of the transmission 

loss by the annealing of the optical fiber in 
accordance with fabricating method of the optical fiber 
15 of the present invention will be further described 

along with the examples. 

[0126] In the following examples, as the optical 

fiber, there is assumed a single mode fiber doped with 
Ge same as that in the examples A1-A4 . The temperature 

20 of the optical fiber at the entrance of the heating 

furnace is set as Ts=1500°C; and the line speed Vf of 
the optical fiber and length L of the heating furnace 
are altered; and thus, there were examined the 
temperature change, the cooling speed of the optical 

25 fiber and the obtained annealing effect. In the 

constitution and the entry temperature of the optical 
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fiber into the heating furnace as described above, the 
relaxation time x of the optical fiber is as t =0.12 
seconds (K: approximately 80MPa) . 

[0127] Further, there were calculated the amount 

of the temperature changes of the optical fiber using 
the above-described Paek's formula, wherein there are 
indicated in the table temperature (°C) of the optical 
fiber at the locations within the heating furnace and 
at the entrance of the cooling means disposed 
downstream of the heating furnace, and the cooling 
speed (°C/second) within the heating furnace. Also, in 
connection with the annealing effect, in case where the 
Rayleigh scattering coefficient is reduced by 3% or 
more as compared with the Rayleigh scattering 
coefficient occurring in case of annealing not carried 
out, the annealing effect is determined as successful 

("o" in the table) ; and otherwise, determined as not 
successful (^x' 7 in the table). 

[0128] Fig. 9 is a table showing the cooling speed 

and the annealing effect of the optical fiber when the 
line speed of the optical fiber is set to 
Vf=4 00m/minute . In the example shown in Fig. 9, the 
length of the heating furnace is set as L=2m; and the 
distance between the heating furnace and the cooling 
means is set to 0.3m, and the temperature of the 
heating furnace is set to 1300°C, 1000°C, 800°C, 500°C, 
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and 20°C. Under the respective conditions, there were 
examined the temperature changes of the optical fiber 
and the obtained annealing effects. In this case, the 
period of annealing time is L/Vf=0.30 seconds; thus, 
the condition L/Vf>T is satisfied. 

[0129] Fig. 10 is a table showing the cooling 

speed and the annealing effect of the optical fiber 
when the line speed of the optical fiber is set to 
Vf=800m/minute . In the example shown in Fig. 10, the 
length of the heating furnace is set as L=2m; and the 
distance between the heating furnace and the cooling 
means is set to 1.2m, and the temperature of the 
heating furnace is set to 1300°C, 1000°C, 800°C, 500°C, 
and 20°C. Under the respective conditions, there were 
examined the temperature changes of the optical fiber 
and the obtained annealing effects. In this case, the 
period of annealing time is L/Vf=0.15 seconds; thus, 
the condition L/Vf>T is satisfied. 

[0130] Fig. 11 is a table showing the cooling 

speed and the annealing effect of the optical fiber 
when the line speed of the optical fiber is set to 
Vf=l 600m/minute . In the example shown in Fig. 11, the 
length of the heating furnace is set as L=3.5m; and the 
distance between the heating furnace and the cooling 
means is set to 2m, and the temperature of the heating 
furnace is set to 1300°C, 1000°C, 800°C, 500°C, and 20°C. 
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Under the respective conditions, there were examined 
the temperature changes of the optical fiber and the 
obtained annealing effects. In this case, the period 
of annealing time is L/Vf=0.13 seconds; thus, the 

5 condition L/Vf>x is satisfied. 

[0131] Fig. 12 is a table showing the cooling 

speed and the annealing effect of the optical fiber 
when the line speed of the optical fiber is set to 
Vf=3000m/minute . In the example shown in Fig. 12, the 

10 length of the heating furnace is set as L=7m; and the 

distance between the heating furnace and the cooling 
means is set to 2m, and the temperature of the heating 
furnace is set to 1300°C, 1000°C, 800°C, 500°C, and 20°C. 
Under the respective conditions, there were examined 

15 the temperature changes of the optical fiber and the 

obtained annealing effects. In this case, the period 
of annealing time is L/Vf=0.14 seconds; thus, the 
condition L/Vf>x is satisfied. 

[0132] Fig. 13 is a table showing the cooling 

20 speed and the annealing effect of the optical fiber 

when the line speed of the optical fiber is set to 
Vf=800m/minute . In the example shown in Fig. 13, the 
length of the heating furnace is set as L=l . 5m; and the 
distance between the heating furnace and the cooling 
25 means is set to 1.2m, and the temperature of the 

heating furnace is set to 1300°C. Under the respective 
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conditions, the temperature changes of the optical 
fiber and the obtained annealing effects were examined. 
In this case, the period of annealing time is L/Vf=0.11 
seconds, which shorter than the relaxation time x; thus, 
the condition L/Vf>x is not satisfied. 

[0133] As shown in Fig. 9-Fig. 13, in the example 

shown in Fig. 13, in which the condition L/V f>x with 
respect to the period of annealing time is not 
satisfied and the period of annealing time is short, 
sufficient reduction effect of the Rayleigh scattering 
coefficient is not obtained. Also, in the examples in 
Fig. 9-Fig. 12, in which the period of annealing time 
satisfies the condition L/Vf>x, when the cooling speed 
is faster than 2000°C/second, it is understood that 
sufficient reduction effect of the Rayleigh scattering 
coefficient is not obtained likewise. 

[0134] On the contrary, the Rayleigh scattering 

coefficient is sufficiently reduced by annealing the 
optical fiber such that there are satisfied the 
condition that the cooling speed in the heating furnace 
is 2000°C/second or less as well as the condition that 
the period of annealing time L/Vf is equal to the 
relaxation time x or more. Also, the Rayleigh 
scattering coefficient is to be sufficiently reduced by 
setting the annealing temperature, which is the set 
temperature of the heating furnace, to 800°C or more. 
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In these examples also, the effect of the forced 
cooling of the optical fiber with the cooling means is 
the same as that in the above-described examples A1-A4 
etc . 

5 [0135] The optical fiber and the fabricating 

method thereof in accordance with the present invention 
are not limited to the above-described embodiments and 
examples, but various modifications are possible. For 
example, in connection with the particular constitution 
10 of the drawing apparatus, Fig. 1 shows an example 

thereof. Insofar as practical, there may be used any 
drawing apparatus having any constitution other than 
that. 

Indus t r i al Appl i cabi 1 i ty 

15 [0136] The optical fiber and the fabricating 

method thereof in accordance with the present invention 
there are achieved, as described above in detail, the 
optical fiber in such a way applicable that the 
Rayleigh scattering coefficient is reduced and 

20 excellent hydrogen-resisting property, as well as the 

method of fabricating the optical fiber applicable so 
as to obtain a favorably high productivity. That is, 
according to the fabricating method of the optical 
fiber, in the drawing of the optical fiber, the optical 

25 fiber is annealed by the heating furnace disposed 

downstream of the drawing furnace under the condition 
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that the cooling speed is 2000°C/second or less and the 
period of annealing time is equal to the relaxation 
time or more, and the optical fiber is introduced into 
the cooling means downstream of the heating furnace at 
a temperature of 700°C or more to forcibly cool down 
the optical fiber, and the optical fiber, in which the 
Rayleigh scattering loss is reduced and excellent 
hydrogen-resisting property is provided, can be 
fabricated with favorably high productivity. 
[0137] Further, there is achieved the optical 

fiber with the reduced Rayleigh scattering loss and 
excellent in favorable hydrogen-resisting property 
according to the optical fiber including characteristic 
features that the core region is doped with Ge in such 
a quantity of dopant that satisfies the condition 
[Ge]>0.3%, that the Rayleigh scattering coefficient A 
and the transmission loss oti.oo at a wavelength of 
l.OO^im are 97% or less respectively with respect to the 
ordinary reference value A 0 and a 0 , and that the 
difference in transmission loss Aai. 38 between before 
and after hydrogen treatment at a wave a length of 
1.38|om is 0.15dB/km or less. 
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